Coagulation kinetics are well established for purified blood proteases or human plasma clotting isotropically. However, less is known about thrombin generation kinetics and transport within blood clots formed under hemodynamic flow. Using microfluidic perfusion (wall shear rate, 200 s ؊1 ) of corn trypsin inhibitor-treated whole blood over a 250-m long patch of type I fibrillar collagen/lipidated tissue factor (TF; ϳ1 TF molecule/ m 2 ), we measured thrombin released from clots using thrombin-antithrombin immunoassay. The majority (>85%) of generated thrombin was captured by intrathrombus fibrin as thrombin-antithrombin was largely undetectable in the effluent unless Gly-Pro-Arg-Pro (GPRP) was added to block fibrin polymerization. With GPRP present, the flux of thrombin increased to ϳ0.5 ؋ 10 ؊12 nmol/m 2 -s over the first 500 s of perfusion and then further increased by ϳ2-3-fold over the next 300 s. The increased thrombin flux after 500 s was blocked by anti-FXIa antibody (O1A6), consistent with thrombin-feedback activation of FXI. Over the first 500 s, ϳ92,000 molecules of thrombin were generated per surface TF molecule for the 250m-long coating. A single layer of platelets (obtained with ␣ IIb ␤ 3 antagonism preventing continued platelet deposition) was largely sufficient for thrombin production. Also, the overall thrombin-generating potential of a 1000-m-long coating became less efficient on a per m 2 basis, likely due to distal boundary layer depletion of platelets. Overall, thrombin is robustly generated within clots by the extrinsic pathway followed by late-stage FXIa contributions, with fibrin localizing thrombin via its antithrombin-I activity as a potentially selflimiting hemostatic mechanism.
Human thrombin is a multifunctional protease central to coagulation by its enzymatic cleavage of platelet PAR1 and PAR4 receptors (1) , cleavage of fibrinogen to fibrin monomer (2) , generation of Factor XIIIa (FXIIIa) 2 (3, 4) , and feedback activation of Factor XIa (FXIa) (5, 6) . The extrinsic coagulation pathway is triggered by tissue factor/Factor VIIa (TF/FVIIa). which generates Factor Xa (FXa) and Factor IXa (FIXa) and is essential for hemostasis. In contrast, deficiencies in the contact pathway (Factor XII [FXII] and FXI) are not linked to strong bleeding phenotypes.
The kinetics of the extrinsic tenase (TF/FVIIa), the intrinsic tenase (FIXa/FVIIIa), and prothrombinase (FXa/FVa) have been extensively measured (7) (8) (9) and kinetically modeled for plasma (10 -13) or purified enzymes with added lipid (14 -16) and platelet-rich plasma (17) (18) (19) (20) . These prior kinetic studies explore rate processes in a closed and isotropic context (i.e. a tube). However, clotting under hemodynamic flow is an open system involving platelet adhesion and activation on a surface as well as rapid build-up of a dense platelet core surrounded by less activated platelets in surrounding shell of the clot. The core of the clot is highly contracted with P-selectin-positive platelets (21, 22) , localized thrombin and fibrin (23, 24) , and localized disulfide reductase activity (25) . The kinetics of thrombin generation are less well understood in this hierarchical structure where intrathrombus transport and binding effects may control reactions (26 -30) . For example, fibrin is known to inhibit thrombin via its antithrombin-I activity (31) (32) (33) . Under venous flow, ␥'-fibrin has been shown to limit thrombin transport, fibrin production, and clot size (34) .
Direct thrombin or Factor Xa (FXa) inhibitors are orally available and clinically approved and do not requiring frequent coagulation monitoring in patients (35) . The reduction of thrombotic risk, although still allowing for sufficient hemostasis to prevent undesired bleeding, is central to therapeutic potency and dosing. Calibrated automated thrombinography (CAT) is a calibrated thrombin generation assay that reports thrombin concentration in activated plasma samples as a function of time (36) . CAT measurement determines the coagulability of plasma, potentially helpful for clinical diagnosis and drug monitoring. However, the CAT assay provides limited information on the actual dynamics of thrombin generation in platelet-rich clots formed under flow. By recreating hemodynamic flow over procoagulant surfaces, the dynamics and pharmacology of thrombin generation can be studied with human blood ex vivo. In microfluidic clotting assays, fibrin generation is often used as an indirect indicator for thrombin activity (5, (37) (38) (39) (40) . Our laboratory previously developed a peptide-based platelet targeting biosensor to report platelet associated thrombin activity in both microfluidic and animal thrombosis models (23, 24) . To our knowledge there has been no direct quantitative measurement of thrombin flux from a growing thrombus under hemodynamic flow. This lack of measurement may be due to the limited sensitivity of immunoassays to detect released thrombin in the stable complex of thrombin-antithrombin (TAT) as released thrombin would be severely diluted in macroscopic flow systems with ml/min-scale perfusion. In contrast, microfluidics allows detection of clot-released species by limiting their dilution through use of l/min-scale perfusion.
Theoretical and experimental studies have suggested thrombin generation is sensitive to prevailing shear rate and surface TF levels (41) (42) (43) . At a venous shear rate condition, thrombin flux is predicted to be within a range of 10 Ϫ13 -10 Ϫ11 nmol/ m 2 -s (41, 42, 44) . Using plasma perfusion, our group previously demonstrated in a membrane microfluidic system that both wall shear rate and thrombin flux regulate physical structure of deposited fibrin fibers. Under venous shear condition, a wall thrombin flux of 10 Ϫ11 nmol/m 2 -s is required for platelet-free plasma to form a three-dimensional fibrin network (44) , which is the fibrin structure that is usually observed in whole blood thrombi formed on the surface with collagen and TF at venous shear rates (5) . In blood, antithrombin (AT) is a potent and rapid thrombin inhibitor (45) . Thrombin half-life is less than a minute in the presence of AT (46), a reaction accelerated by heparin. TAT complex measurement has been routinely used to estimate thrombin level in plasma samples (17, 47, 48) . Here we measure thrombin flux from TF bearing collagen surface and aggregated platelets at a venous shear rate in a human whole blood microfluidic thrombosis assay by collecting effluent at the outlet of the microfluidic system and subsequently measuring TAT complex concentration with enzyme linked immunosorbent assay (ELISA).
Results
Device Response Time-Release of a diffusible species from a surface into a flow stream is a classic concentration boundary layer phenomenon that can influence the dynamics of measurement of the species at the system outlet. Additionally, for sampling parabolic flows at the system outlet, the faster streamlines at and near the center of the flow contribute more volume per unit time than the slower streamlines at the wall boundary. The discrete sampling of volume at the system exit flow where the species concentration may be nonuniform is defined as the "mixing-cup" concentration and involves weighting the concentration profile by the velocity profile (49) . To calculate the lag time of the microfluidic device and exit line and thus relate surface events to remotely sampled volumes at the exit, a computational model with a rectangular domain was created, and the transport of thrombin was calculated by standard finite element method in COMSOL (Inc., Burlington, MA) ( there was no significant thrombin yet reaching the outlet. After 1.6 s, the outlet (mixing-cup average) thrombin concentration began to rise as thrombin was transported advectively by the flow and also by molecular diffusion. By 5 s, there was essentially no thrombin left near the entrance as the imposed thrombin flux only lasted for 1 s, indicating complete and rapid washout at a wall shear rate of 200 s Ϫ1 . By 7 s the concentration of thrombin collected at the outlet reached a maximum. It took almost 20 s for the concentration of thrombin to decay to zero at the outlet (Fig. 1, B and C) . Overall, the simulation demonstrated that the microfluidic assay ( Fig. 1A ) allows the detection of locally generated thrombin at the collagen site with only a minor lag time of ϳ10 s. Also, dilution of thrombin (or TAT) in the prevailing microfluidic flow was predicted to allow detection of nanomolar levels of TAT in the effluent.
Clotting under Flow: Fibrin Rapidly Captures Thrombin-Platelets immediately adhered and accumulated on the collagen/TF surface (ϳ1 TF molecule/m 2 ) after initiation of whole blood flow, whereas fibrin generation was detected after a 250-s lag followed by a nearly linear increase until the end of the experiment at 800 s ( Fig. 2A and supplemental Fig. S1 ). Under these conditions of platelet deposition and fibrin generation on the collagen/TF surface, very little TAT was detected over the 800-s experiment unless Gly-Pro-Arg-Pro (GPRP, 5 mM) was used to prevent fibrin polymerization ( Fig. 2B ). Collection of effluent into benzamidine (instead of EDTA) to inhibit thrombin prevented the immunodetection of TAT (not shown), indicating that free thrombin was eluted off the clot in the presence of 5 mM GPRP, which then complexed with antithrombin to form TAT in the EDTA-treated sample. Fibrin captured Ͼ85% of locally generated thrombin ( Fig. 2B ). Thus, the fibrin polymerization inhibitor GPRP was added to all subsequent experiments to eliminate fibrin capture of thrombin and allow detection of TAT in the effluent. Prior studies have shown that GPRP has a minor effect on platelet deposition at the low forces of venous flow conditions (40) . Also, the contribution of the contact pathway in this microfluidic assay has been shown to be minimal for 40 g/ml corn trypsin inhibitor (CTI)-treated whole blood when compared with the contribution of the TFdriven extrinsic pathway (50) .
Increased Surface TF Concentration Promotes Thrombin Flux-Because fibrin formation requires a threshold concentration of surface TF (43), we tested if the amount of immunodetected TAT complex in the effluent was dependent on TF concentration on the collagen surface. At ϳ1 TF mol/m 2 (collagen/high TF), the TAT concentration displayed a slow increase during the first 500 s and then an accelerated increase during the following 300 s. By 800 s, the thrombin flux reached ϳ0.8 ϫ 10 Ϫ12 nmol/m 2 -s ( Fig. 2C ). At ϳ0.1 TF mol/m 2 (collagen/low TF), there was a brief initial increase of TAT concentration within the first 200 s. Between 200 and 600 s, TAT concentration remained largely constant. After 600 s, accelerated increase of the TAT concentration was observed. By 800 s, thrombin flux from collagen/low TF surface reached ϳ0.4 ϫ 10 Ϫ12 nmol/m 2 -s, which was only half that of the thrombin flux from collagen/high TF surface (Fig. 2C ).
The collagen/high TF surface was used as the test surface for all subsequent experiments. A master thrombin generation curve ( Fig. 2D ) was developed from 13 individual experiments with blood from 13 donors, representing the average dynamics of human thrombin generation from clots formed on collagen/ high TF surface (ϳ1 molecule TF/m 2 , 5 mM GPRP, 40 g/ml CTI): a slow increase in thrombin flux during the first 500 s to 0.5 ϫ 10 Ϫ12 nmol/m 2 -s followed by an accelerated increase (ϳ4ϫ higher than the rate of increase during the first 500 s), reaching a thrombin flux of ϳ1.5 ϫ 10 Ϫ12 nmol/m 2 -s by 800 s at the end point of the experiment. The standard error was attributed to interdonor variation in thrombin generation of about Ϯ50%, as has been previously observed with measurements of thrombin generation by the CAT assay (47) . Given this observed variation, subsequent experiments were conducted with at least four donors under matched conditions.
Thrombin Flux Amplification via Thrombin Feedback Activation of FXI-The large and late stage increase in thrombin flux detected between 500 and 800 s was consistent with the late stage fibrin and thrombin activity previously detected as a result of platelet polyphosphate enhancement of the thrombinmediated FXIa feedback pathway (5, (51) (52) (53) . This late stage participation of thrombin-mediated activation of FXI has also been theoretically predicted (54) . The FXI antibody O1A6 inhibits FXIIa activation of FXI and disrupts the FXI-dependent thrombin amplification loop by inhibiting FXIa generation of FIXa and subsequent FXa activation (Fig. 3A ). Adding O1A6 (20 g/ml) into the blood sample abolished the accelerated increase of thrombin flux from the collagen/TF surface after 500 s (Fig. 3B ). Thrombin flux increased to 0.2 ϫ 10 Ϫ12 nmol/m 2 -s during the first 400 s and remained relatively constant after that.
The First Layer of Collagen-activated Platelets Generates the Majority of Thrombin-We tested the thrombin generating capacity of a monolayer of collagen-adherent platelets to that of a thick and dense platelet deposit. As previously observed (55), A, a microfluidic device with 8 channels (each channel: 250-m in width and 60-m in height) diverging from a single inlet and converging into a single outlet was used for whole blood perfusion over collagen/TF surface. Blood was collected into CTI (40 g/ml) and loaded into syringes that were subsequently mounted on a syringe pump. Blood infusion was initiated within 10 min of phlebotomy at a constant flow rate of 16 l/min (initial wall shear rate ϭ 200 s Ϫ1 ). Device outlet flow was collected into EDTA to quench thrombin generation with EDTA and allow for TAT formation. Blood samples (collected every 120 s) were subsequently centrifuged and analyzed by TAT ELISA. The microfluidic system was characterized with a COMSOL convection-diffusion model (B). To calculate the device response time, thrombin flux signal from a 250-m-long surface domain with amplitude of 10 Ϫ11 nmol/m 2 -s was imposed as a boundary condition for duration of 1 s. Location of the surface domain is indicated by a red dashed line. Average thrombin concentration at the outlet peaked after a delay of 7 s and leveled off to zero by 20 s (C).
the glycoprotein IIb/IIIa (␣ IIb ␤ 3 ) antagonist, GR144053 (500 nM), abolished secondary platelet deposition on the collagen/ high TF surface. For the first 500 s of blood perfusion, the thrombin production was essentially the same for a platelet monolayer and a thick platelet deposit, indicating that the thick platelet mass did not diminish thrombin production by limiting FX transport or by additional coverage/hindrance of surface TF. Interestingly, the accelerated increase of thrombin flux from 600 to 800 s was largely prevented by GR144053 (Fig. 4A) , indicating a role for the thickened platelet deposit in thrombinfeedback activation of FXIa (Fig. 3B ) that was operative in this late-stage time regime ( Fig. 4A ) and also consistent with platelet-dependent release of polyphosphate (56) . Additionally, in the absence of GPRP, a platelet monolayer was sufficient to support localized fibrin formation (Fig. 4B) .
Longer Collagen/TF Zones Are Less Efficient in Thrombin Production-The TAT concentration in effluent collected downstream of 1000-m long collagen/high TF was ϳ2ϫ higher than the detected concentration in effluent from 250m-long collagen/high TF (Fig. 5A) . However, the 1000-m zone was less efficient in supporting overall thrombin generation on a per unit area basis. The overall thrombin flux from the entire 1000-m-long zone of collagen/high TF was only half that of the overall flux from the 250-m-long zone of collagen/ high TF (Fig. 5B) . On a 1000-m zone, most of the platelet accumulation was observed on the first 250 m, with significantly less platelet deposition between 250 and 1000 m (Fig. 5,  C and D) . This is consistent with boundary layer depletion of depositing platelets in the red blood cell-free layer of plasma nearest the collagen coating. Roughly half of detected thrombin flux from the 1000-m collagen/high TF zone originated from the first 250-m subregion of the 1000-m-long zone, assuming the first 250 m had the exact efficiency in supporting thrombin generation as for the 250-m-long zone (Fig. 5, E  and F ).
Discussion
In this study ELISA allowed direct measurement of TAT in plasma isolated from whole blood samples collected from the outlet of a microfluidic thrombosis assay. Numerical simulation demonstrated the delay in thrombin detection in this setup was small (ϳ10 s) compared with the time interval (120 s) between sample collections. Thus, TAT measurements can be directly converted to thrombin fluxes within each time interval. Previous theoretical and experimental studies suggested alterations in shear rates and surface TF affect coagulation reaction dynamics and cause substantial changes in thrombin flux (41, 42) .
The microfluidic experiments were operated at a constant flow rate mode resulting in an initial wall shear rate of 200 s Ϫ1 . The thrombin flux released from growing thrombi on collagen/ high TF (ϳ1 molecule/m 2 ) increased over time and reached a level of ϳ10 Ϫ12 nmol/m 2 -s by 800 s at the end of the experiment. This final thrombin flux falls within the suggested range from previous computational models for similar shear conditions (41, 42, 44) . In our flow system, fibrin localized Ͼ85% of thrombin within the thrombus and traveled downstream, indicating that free thrombin lasted less than a second or two before its capture by fibrin. The TAT ELISA-based measurement might underestimate the actual thrombin flux due to the following factors: (i) other protease inhibitors such as ␣ 2 -macroglobulin, even though far less effective than AT, also complex thrombin (45), (ii) thrombin bound to the clot by fibrin-independent mechanisms would not be detected in the plasma TAT-ELISA assay, and (iii) robust thrombin generation at later time points boosted fibrin polymerization, which was not fully quenched by 5 mM GPRP (supplemental Fig. S2) .
A thrombin generation curve from 13 individual measurements provides the average dynamic change of thrombin flux from growing thrombi on 250-m-long collagen/high TF. We calculate that each TF molecule supported generation of ϳ92,000 thrombin molecule via the extrinsic pathway during the first 500-s time period. This curve displayed an accelerated increase in thrombin flux starting at ϳ500 s. This accelerated increase was prevented by FXI antibody O1A6. Our previous work indicated that participation of the TF-triggered extrinsic pathway was required to generate enough thrombin to initiate the FXIa-dependent thrombin amplification mechanism, which can be interrupted by O1A6 (5) . This FXI functionblocking antibody also reduced platelet aggregation downstream of thrombi formed on collagen/TF, suggesting a role of the FXI-thrombin axis in distal thrombi formation (57) . Therefore, thrombin flux after 500 s is most likely augmented by the FXIa-dependent thrombin amplification loop. FXI inhibition did not significantly interfere with thrombin flux within the first 500 s, indicating the extrinsic pathway is the major contributor of initial thrombin generation in CTI-inhibited whole blood clotting. By 500 s, ϳ70% of collagen/TF had been covered with accumulated platelets (supplemental Fig.  S1 ), potentially reducing access to surface-immobilized TF and enhancing platelet-dependent pathways (such as polyphosphate pathways).
It is known that platelets provide lipid surface for prothrombinase assembly and, therefore, are essential for promoting coagulation (58, 59) . Interestingly, a monolayer of platelets provided enough lipid surfaces for robust thrombin generation in the initial phase. The prevention of amplified thrombin generation during later times suggests the importance of aggregated platelets in aiding the FXI-dependent thrombin feedback loop. . The first layer of collagen-activated platelets support initial thrombin production. A, dynamics of measured TAT concentration and thrombin flux from growing thrombi (f) or from the first layer of collagenadherent platelets (E) during blood (40 g/ml CTI, 5 mM GPRP) perfusion over collagen/high TF. The ␣ IIb ␤ 3 inhibitor, GR144053 (500 nM) was added to abolish platelet secondary aggregation and achieve a monolayer of platelet on collagen/high TF. Initial thrombin production during the first 500 s of blood perfusion was intact, whereas the final thrombin production on collagen/ high TF was significantly reduced by GR144053 (A). A platelet monolayer was sufficient to support localized fibrin formation when fibrin was allowed to polymerize in the absence of GPRP (B). **, p Ͻ 0.01.
Thrombin Flux from Clots Formed under Flow
It is possible that platelet aggregates promote thrombin generation by limiting flow dilution and active transport of activated coagulation factors. Additionally, the accumulated platelets release polyphosphate to act as a cofactor and promote thrombin activation of FXI (5, 51, 53) at later times.
We found increased collagen/TF patch length reduced the overall efficiency of thrombin generation on a per unit area basis, most likely due to the decay in platelet deposition along the flow direction on 1000-m long collagen/high TF patch. Furthermore, we have shown in our previous study that a single collagen/TF fiber (patch length Ͻ1 m) prompts a clotting response of multiple layers of platelet deposition and thrombin generation at a venous shear condition (60) . We suspect that the total thrombin generation might be greater on larger thrombotic patches, but thrombin generation on a per unit area basis decays once the patch size gets too large, which is probably due to boundary layer platelet depletion of the near-wall platelet layer and consequently reduced platelet deposition in downstream regions of larger patches.
In summary, we made direct measurements of TAT complex concentration in effluent from microfluidic thrombosis assay. We estimated thrombin flux from growing thrombi on the collagen/TF surface can reach up to 10 Ϫ12 nmol/m 2 -s at a venous shear condition. Our results suggest polymerized fibrin fibers consume most of the free thrombin and likely serve as a mechanism of localizing clotting response near the injury site and potentially promoting a hierarchical structure of self-limiting clots. Furthermore, aggregated platelets were found to play pivotal roles in amplifying thrombin generation via the FXI-dependent feedback loop.
Experimental Procedures
Materials-Anti-human CD61 (BD Biosciences), Alexa Polydimethylsiloxane (PDMS) Patterning and Flow Devices-PDMS devices were fabricated as previously described (61, 62) . Protein patches with defined dimensions were patterned on glass slides with single channel devices (250 or 1000 m in width, 60 m in height). Multichannel flow chambers with 8 evenly spaced flow channels (250 m in width, 10000 m in length, and 60 m in height) diverging from a single inlet and converging into a single outlet were used for microfluidic thrombosis assay. All PDMS devices have features on their bottom allowing them to be reversibly vacuum-bonded onto glass slides.
Analysis of System Response Time-A model microfluidic system was characterized in COMSOL Multiphysics Modeling Software (COMSOL). A rectangular domain (10,000 m by 60 m) was created to represent one lane of the actual microfluidic device. The local wall shear rate was maintained at 200 s Ϫ1 , consistent with the experiments. The thrombin flux was imposed between 100 m and 350 m, and the transport was mainly governed by the convection and diffusion assuming no hindrance from the developing clot. To calibrate the system response time, a rectangular flux signal with amplitude of 10 Ϫ11 nmol/m 2 -s was applied for duration of 1 s. The system was propagated with a constant time step of 0.05 s to obtain the average thrombin concentration at the outlet. Similarly, an empirical thrombin flux fitted with the experimental measures was applied to obtain the resultant mixing-cup average concentration at the outlet.
Preparation of Thrombotic Patches-Glass slides were treated with Sigmacote to retard surface-triggered clotting. To generate collagen patches on glass slides, collagen type I (1 mg/ml, 5 l) followed by bovine serum albumin (0.5% BSA in Hepesbuffered saline, 20 l) was perfused through the main channel on a single channel patterning device (62) . The length of a collagen patch (250 m or 1000 m) is defined by the dimension of the main channel. Tissue factor can be added by subsequent perfusion of 10 l of Dade Innovin PT reagent through the main channel and incubation over patterned collagen for 30 min before a BSA wash. The PT reagent stock (23 nM recombinant human TF and synthetic phospholipids) was diluted 10-fold and 200-fold to achieve high and low surface TF surface densities of ϳ1 and ϳ0.1 TF molecule/m 2 , respectively. Sorbed TF lipid vesicles were stained with FITC-annexin V. TF surface densities were estimated by fluorescent imaging of stained vesicles, as previously described (5, 39) .
Blood Collection and Sample Preparation-Blood was collected via venipuncture from healthy donors who provided consent under approval of University of Pennsylvania Institutional Review Board and were free of any medication or alcohol for at least 72 h before donation. Blood was collected into syringes with a high dosage of CTI (40 g/ml) and was transferred into Eppendorf tubes where it was labeled by CD61 antibody (2%v/v) and fluorescent fibrinogen (1.3% v/v) for platelet and fibrin epifluorescence detection, respectively. In some of the microfluidic experiments, additional treatments were added to the blood sample before perfusion to block platelet aggregation or fibrin polymerization. These additional treatments are indicated under "Results."
Microfluidic Thrombosis Assay-After protein patterning, the single channel patterning device was replaced with the multichannel flow device. The flow channels were placed perpendicularly to patterned TF bearing collagen patches. Labeled whole blood was transferred to syringes which were then mounted on a PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA) operating on an infusing mode. Blood was infused into the flow device at a constant flow rate of 16 l/min, which corresponds to an initial wall shear rate of 200 s Ϫ1 . Platelet aggregation and fibrin formation were simultaneously monitored with a fluorescence microscope (IX81, Olympus America Inc., Center Valley, PA). Images were captured with a CCD camera (Hamamasu, Bridgewater, NJ) and analyzed with ImageJ (NIH, Bethesda, MD). The outlet of the flow device was blocked with 10 l of EDTA. Calcium-dependent thrombin generation in blood was immediately quenched by EDTA once blood exits the device. Blood samples were collected from the outlet every other minute. Another 10 l of EDTA was added to block the outlet immediately after sample collection. Collected blood samples were allowed to sit for at least 10 min for TAT complex formation before subsequent steps.
TAT-ELISA Assay-Collected blood samples were centrifuged at 1300 ϫ g for 15 min. TAT complex concentration in isolated platelet poor plasma was detected in a sandwich TAT- OCTOBER 28, 2016 • VOLUME 291 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 23033 ELISA assay. Background TAT level was determined by measuring TAT concentration in plasma sample isolated from blood that was quenched with EDTA right after phlebotomy. Because AT reacts with thrombin in a 1:1 stoichiometric ratio, measured average TAT concentration (C ) within the 2-min time interval between sample collections was converted to an average thrombin flux (J) using the equation,
Thrombin Flux from Clots Formed under Flow
where Q is flow rate (16 l/min), and A is total thrombotic area in each device.
